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Introduction
Dengue is a mosquito-borne virus disease considered a serious global health problem with an estimated 390 million dengue infections per year [1] . Most dengue virus infections are asymptomatic, and clinical manifestations range from mild fever to severe life-threatening disease [2] [3] [4] [5] [6] . Dengue virus (DENV) belongs to the genus Flavivirus of the Flaviviridae family [3, 4] , and has four DENV serotypes (DENV1-4) with distinct phylogenetic and antigenic characteristics [3, 4, 7, 9] .
Dengue is rapidly expanding and has a global footprint, representing a public health challenge with an appreciable economic burden. Trade globalization and rapid urbanization in Asia and Latin America, and the abundance of vector breeding sites within crowded urban communities, have contributed to the endemicity observed in these regions [3, 4, 10] . It is estimated that in 2013 there were a total of 58.40 million symptomatic dengue virus infections, including more than 13 500 fatal cases [11] . For 2015, it was estimated that over 3.9 billion people lived at risk for infection worldwide [2] . The annual costs of dengue have ranged from US$13.5million in Nicaragua to US$56million in Malaysia (in 2010 values) up to 2013. [12] . Considering 141 countries and territories with active dengue transmission, the total annual global cost of dengue illness were estimated at US$8.9 billion in 2013 [11] .
The development of an effective vaccine against the four DENV serotypes represents an important strategy for the control of the disease [13, 14] . The vaccines for monotype Flavivirus, such as Yellow Fever, Japanese encephalitis, have a 95% efficacy and were used as an inspiration for the development of a dengue vaccine [15, 16] . Since the 1970s, several techniques have been applied to provide a vaccine capable of inducing immunity to the four virus serotypes [11] . Several vaccine candidates have been developed using live attenuated viruses, inactivated viruses and DNA vaccines [13, 14, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . The chimeric tetravalent vaccine (CYD-TDV) of Sanofi Pasteur, Dengvaxia®, was the first vaccine to be licensed. By October 2016, eleven countries had granted regulatory approval for Dengvaxia®, e.g. Mexico, the Philippines, Brazil, El Salvador, Costa Rica, Paraguay, Guatemala, Peru, Indonesia, Thailand and Singapore [34] [35] [36] [37] [38] . Vaccination is indicated for individuals living in endemic regions aged between 9 and 45 years old, with the exception of Paraguay which extended the upper limit to people of 60 years old [39] .
The capacity of a vaccine to generate an immune response may be influenced by many factors including age, presence of underlying disease, immune status and previous exposure to the same or similar substances (seropositivity). It is likely that in endemic settings, pre-sensitization may cause an immune response before vaccination [40] , which may have been the case with CYD-TDV. In phase III trials vaccination showed lower efficacy in seronegative individuals, suggesting that the vaccine broadens pre-existing immunity rather than efficiently raises new protective immunity [41, 42].
The lower age limit of nine years old for CYD-TDV vaccination is explained by the results from the age stratified analysis of the two available multicentric double-blind randomized controlled trials conducted with subjects between 2 and 16 years old [30, 31] . More importantly, long-term safety analysis revealed a higher risk of hospitalization due to dengue in patients vaccinated between 2 and 5 years old [43] . Up to now, there has been no published phase III trial with adults, and the indication for adult vaccination is probably derived from immunogenicity results.
In this context, it was demonstrated that with a routine CYD-TDV vaccination programme in endemic countries at 9 years of age, a reduction of 10 to 30% in symptomatic and hospitalized dengue illness is expected over the next 30 years [41, 44] . In addition, Ferguson et al (2016) developed a model that considering routine vaccination at 80% coverage of individuals between 2 and 18 years old, there was an expected reduction of 20 to 30% in both symptomatic disease and hospitalization in high-transmission settings [45] . Both models predicted that as transmission intensity increased, the optimal age for routine vaccination decreased [44, 45] .
The purposes of this systematic review with meta-analysis were to access efficacy and safety of CYD-TDV and for the first time explore its immunogenicity results, as to better understand the indication of the vaccine to this age group. As a result, help governments with their ongoing deliberations regarding the utilization and funding of such vaccines.
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Eligibility criteria
We considered for inclusion all phase II and III randomized clinical trials of Sanofi Pasteur´s tetravalent dengue vaccine (CYD-TDV) as well as a control group including placebo or other vaccines, e.g. pneumococcal polysaccharide or meningococcal polysaccharide, or a combination of these. We considered studies assessing safety, immunogenicity and efficacy of the vaccine in children, adolescents and adults. We excluded phase I trials and studies that had not reported outcomes of interest. Our population of interest involved individuals in dengue endemic regions independents of age (i.e. children, adolescent and adult). We also excluded phase IIb in this analysis due to the differences between the populations involved in the phase IIb and III trials making the analysis difficult.
Study search
Article searches were performed in the Cochrane Controlled Trials Register, PUBMED and LILACS (March/2016). Various combinations of terms were used to search these electronic databases, including terms referring to the disease, interventions, and types of studies. The complete search strategies are provided as Supplementary Material (Search Strategy).
We also searched for trials at ClinicalTrials.gov. Ongoing trials were assessed for eligibility, and studies described as completed were manually searched (when not captured by the initial search strategy). A gray literature search was also performed at ProQuest Dissertation & Theses Database. In addition, considering the importance of dengue in Brazil, we used the following theses and dissertations databases in Brazil: Brazilian Digital Library of Theses and Dissertations, the Digital Library of Theses and Dissertations of USP (University of São Paulo) and of UFMG.
Study selection and data collection processes
Two independent reviewers (IPG, BCB) performed the selection of potential papers in three phases, i.e. the analyses of titles, abstracts, and whole texts. A third reviewer (LLPL) analyzed any dissimilar results to resolve any differences. Three independent researchers collected the data (IPG, BCB, LLPL). When reports mentioned the existence of supplementary material or appendix, they were consulted for data collection.
Outcome measures
For immunogenicity, we considered the geometric mean titers (GMTs) of neutralizing antibodies against each dengue serotype 28 days after the last dose of vaccination. In this test, the sera were tested by plaque reduction neutralization test (PRNT), a geometric interpretation of the titers of selected human sera against DENV (1-4) [48] . As a result, the participants with PRNT50 >10 against one or more serotypes were considered seropositive. For efficacy measures, we considered the number of virologically confirmed dengue cases and the number of person-years of follow-up in each group. For this evaluation, blood samples were taken from all participants at month 13 (28 days after the third dose), per protocol analysis. The intention-to treat efficacy population included volunteers who receive ≥ 1 dose, and the efficacy against each serotype was determined by episodes occurring from month 13 to month 25 in the modified per-protocol population, i.e. participants who had received all three doses [30, 31] . For adverse events and safety measures, we considered the following: Injection site reactions (0-7 days after first dose) (pain, erythema and swelling); systemic safety parameters in any grade (fever, headache, malaise, myalgia, arthralgia); Serious Adverse Events (SAE) were collected until 21 or 28 days after each vaccination scheme. A risk ratio lower than 1.0 demonstrated better results for CYD-TDV.
Statistical analysis
We used the Review Manager® 5.3 software to pool data using a random effects meta-analysis model. Analyses with an I 2 > 40% and P value for the X 2 test < 0.10 [49] were considered to have substantial heterogeneity. We presented the risk ratio (dichotomous) and the mean difference (continuous) with a 95% confidence interval as association measures and the results of I 2 and p-value of the heterogeneity test. Subgroup analysis was performed to evaluate the immunogenicity and safety results according to geographic region (Supplementary Material - Table S2 ).
Quality of evidence and risk of bias
We assessed the risk of bias of the clinical trials using the Cochrane Collaboration methodology. We judged the possible bias in three levels -high risk, low risk and unclear (when the provided information was not sufficient to make a clear judgment). We considered the following possible bias: Random sequence generation and allocation concealment (selection bias); blinding of participants and personnel (performance bias); blinding of outcome assessment (detection bias); and selective reporting (reporting bias) [50] . For studies with laboratory measures or efficacy as an outcome, blinding of participants and personnel was considered of minor importance. In these cases, the trials were judged as presenting a low risk of bias for performance bias. Since safety assessments typically include subjective outcomes such as pain and myalgia, blinding of participants and personnel was considered of high importance. If the same study reported laboratory/efficacy and safety outcomes and the participants were not blinded, the judgment was a high risk for performance bias.
Results
Study inclusion
Of the 895 titles screened, the abstracts of 321 records were assessed, and among these, 89 fulltext studies were assessed for eligibility. Six phase II [23] [24] [25] [26] [27] [28] and three phase III randomized clinical trials [29] [30] [31] were included. Figure 1 provides details of how the final 9 studies were derived. From the search at ClinicalTrials.gov, we included one ongoing trial in phase II trials for CYD-TDV ( Figure  1 ).
Figure 1 -Study Flow
Characteristics of the studies Three phase III trials evaluated CYD-TDV [29] [30] [31] . All included studies were conducted in endemic areas of Latin America [23, 25, 28, 21] or Southeast Asia [24, 26, 27, 29, 30] (Table 1) . A total of 34,631 volunteers participated in CYD-TDV phase II-III trials (CYD-TDV, n= 23, 193 ; control, n= 11, 438) . The trials applied a 2:1 [23] [24] [25] 27, 28, 30 ,31], 3:1 [26] and a 4: 1 [29] randomization ratio. Vaccine schedule was three doses with 6-months interval. The control groups of the phase II trials were composed of a combination of placebo (one or two doses) and another vaccine (e.g. pneumococcal polysaccharide, meningococcal polysaccharide) (one or two doses).
All phase III studies were placebo controlled. As a group, the phase II trials evaluated children adolescents and adults (2 to 45 years old), whereas phase III trials were conducted only with children and adolescents (2 to 17 years old) ( Table 1 ). Six percent of participants did not complete the CYD-TDV vaccination schedule in the phase II trials [23] [24] [25] [26] [27] [28] . Two phase III trial reported losses to follow-up (0.8% in the CYD-TDV) [29, 30] . The main reason for the losses to follow-up was voluntary withdrawal not due to an adverse event (Supplementary Material - Table S1 ). This vaccine was approved for individuals between 9 to 45 years old and 9 to 60 years old [39] . 
Methodological quality and risk of bias
All trials presented low risk of bias for important aspects, such as random sequence generation, allocation concealment and selective reporting The losses to follow-up of the included trials were few and balanced between vaccine and control arms, resulting in low risk of attrition bias in most studies. In one trial, the reasons participants did not complete as per the protocol vaccination schedule was not completely reported, resulting in unclear risk for attrition bias [26] (Figure 2 ). (Table S2) .
Age is not only factor that can influence the heterogeneity of the efficacy findings in the various trials, seropositivity is another important aspect that needs to be considered [40, 42] . As seen in figure 6 , it was possible to evaluate that the higher number of seropositivity participants contributed to better efficacy results.
Discussion
In accordance with the pooled analysis presented by [43], meta-analysis results with 27,355 volunteers aged 2 to 16 years old from two phase III trials [28, 29] showed a moderate overall vaccine efficacy of 60% (intention to treat analysis). CYD-TDV ability to stimulate an immune response was measured by comparing the geometric mean titers of neutralizing antibodies against each dengue serotype of vaccines and controls. In 1,600 children and adolescents, the immunogenicity response revealed distinct profiles according to the DENV serotype, with DENV3 and DENV4 presenting best results [23] [24] [25] [26] [27] [28] . The lower immunogenicity result for DENV1 was a prelude to the efficacy of 55% of CYD-TDV for this serotype. The efficacy against DENV2 was even lower (43%) [30, 31] . These results coincided with the observation of the long-term safety analysis in which the majority of hospitalizations cases were due to DENV1 or DENV2 infections [43] .
Data from two cluster studies conducted in Thailand suggested that higher levels of neutralizing antibodies are needed for protection against DENV2 in comparison to the other serotypes [51] . The explanation may lay in the fact that DENV2 strain can change in structure at body temperature (37° C), suggesting that antibody binding may be affected, which may be associated with lower efficacy of CYD-TDV against DENV2 [52, 53] . It is known that secondary heterologous infections may increase the risk of severe disease [54] . Since CYD-TDV did not provide an adequate response, especially against DENV2, it is possible that after mass vaccination, a future DENV-2 epidemic may result in an increase of severe cases. This is the reason the WHO recommended long-term safety assessments of dengue vaccine candidates [55] .
Meta-analysis of immunogenicity in adults was derived from two phase II trials with a total of 757 volunteers. The values of the mean difference showed that the vaccine showed best response against DENV4 and DENV 3, followed by DENV2 and DENV1, but unlike the situation in children and adolescents, the 95% confidence intervals of the best response (against DENV4) and the worst response (DENV1) overlapped. In addition, Costa et al 2014 [6] also demonstrated the best immunogenicity results for DENV3 and DENV4, however in an analysis where children, adolescent and adult result were grouped. Accordingly, the moderate efficacy obtained in children and adolescents previously predicted from immunogenicity results may also be attained in adults.
According to the Office of Vaccines Research and Review in the U.S. Food and Drug Administration, immunogenicity assessment, as an auxiliary parameter for predicting efficacy, may be used for licensing purposes when a clinical efficacy study is not possible, such as when the burden of the disease is low, or when targeting a new population (age group) for which there is no comparator [56] . For the European Medicines Agency, pre-authorization efficacy trials may be waived when it is justifiable to "to gauge the likely efficacy of a vaccine by comparison of immunological responses with those seen in past studies of protective efficacy with similar vaccines", even when there is no correlate of protection [57] . Sanofi has filed for approval of the vaccine in 20 other countries where the dengue virus is most widespread and will file for approval in Europe in 2016, and in the U.S. in 2017 [58] .
In both phase III trials seropositivity was evaluated at the time of study enrollment, and participants with PRNT50 >10 against one or more serotypes were considered seropositive baseline [30, 31], which was interpreted as evidence of previous exposure to at least 1 of the 4 dengue viruses [42] . When we stratified the efficacy results according to dengue seropositivity at baseline, we verified that CYD-TDV was effective in preventing dengue cases for seropositive volunteers (RR=0.22 95%CI 0.14; 0.35) but not for those seronegative at baseline, at least not in a conservative analysis (RR=0.62 95%CI 0.37; 1.03) [54] .
This fact can be viewed in two opposite perspectives. On the positive side, anti-dengue vaccination will be adopted in dengue endemic areas with presumed high seropositivity status [55] . On the negative side, the fact that the vaccination wasn't effective for protection against dengue in seronegative volunteers indicates that the efficacy of CYD-TDV may be very different from country to country [30, 31] . This highlights the need for seroprevalence studies capable of indicating the expected vaccine efficacy in each endemic country before any CYD-TDV pricing and funding considerations among health authorities within countries. The need for serosurveys was also stressed out by the World Health Organization (WHO), as they are considered the best method for selecting populations suitable for vaccination [41, 42] .
The low efficacy in seronegative volunteers, along with the long vaccination scheme (0, 6 and 12 months), may diminish the usefulness of this vaccine to travelers. According to GeoSentinel surveillance network, dengue is considered the leading cause of febrile illness among those with a specific diagnosis returning from every geographic region except sub-Saharan Africa and Central America. It is estimated that annually more than 53 million travelers from non-endemic areas arrived in the 21 most popular dengue endemic destinations between 2006 and 2007 [59] . In Japan, there have been 1007 reports of imported dengue cases between 2006 and 2014 from from Indonesia (n=202), the Philippines (n=230), Thailand (n=160) and India (n=152) [60] .
In our meta-analysis, we did not find any statistical difference between CYD-TDV and control for occurrence of adverse events. Serious adverse events were more frequently seen in the control group (RR= 0.76; 95%CI 0.59, 0.98). A safety overview of phase I to III trials of CYD-TDV with volunteers between 2 to 60 years old showed that 0.3% of participants discontinued vaccination for safety reasons in the control and intervention groups, and the most common unsolicited adverse events were injection-site reactions, gastrointestinal disorders and infections [61] . According to the WHO, an increased risk of hospitalized dengue was identified in the age group of 2 to 5 years old in the third year of follow up post dose 1. This fact, along with the lower efficacy observed in under 9 years-olds, led to a decision to exclude individuals aged 2-5 (and also those aged The global vaccines market was estimated at around US$ 32.05 billion in 2012. The market witnessed growth rates of above 8% and is expected to reach US$ 84.44 billion by 2022 [62, 63] . Specifically for dengue vaccine, it was estimated there would be 250 million dengue vaccines doses for Brazil and Colombia for the period 2015-2019, 38 million for routine doses, 148 million for catchup vaccination of under 15 year olds, and 62 million doses for vaccination of adults. In addition, the public sector cost would be US$2,400 million over five years [64] . In Brazil, one state, Parana, decided to include CTD-TDV in the state immunization program. From the target population of 400,000 inhabitants (80% coverage), only 190,000 took the first dose [65, 66] .
The consortium created by WHO in 2015 estimated that CYD-TDV can be cost-effective in settings with intensity of transmission between 30-90%, if the vaccine can be purchased and delivered cheaply enough. Vaccination will only be cost-effective using the public payer perspective if the total cost of fully vaccinating one person is below US$40 [41] . Dengvaxia ® was granted regulatory approval first in Mexico (12/09/2015), followed by the Philippines and in Brazil [34, 35, 36] . Until October 2016, eight more endemic countries (El Salvador, Costa Rica, Paraguay, Guatemala, Peru, Indonesia, Thailand and Singapore) gave Dengvaxia® regulatory approval [38] . Currently, the actual acquisition price in these countries is unknown. In Brazil, CYD-TDV has not been evaluated for incorporation into the national immunization program, however the National Health Surveillance Agency (ANVISA CMED) established a reference maximum price for government purchase, yielding a total of U$ 96.79 [67] for the three dose scheme (World Bank for Purchase Power Parity (PPP), 2015: 1 US$ = 3.330 BRL).
In addition to CYD-TDV, another candidate vaccine, developed by the Butantan Institute (Brazil) in partnership with the United States National Institutes of Health, is going to be evaluated in a phase III clinical trial that has recently been registered at ClinicalTrials.gov [68] .
A potential limitation of the present study is associated with the fact that the included studies were funded through pharmaceutical companies. It is known that studies of this financing type showed favorable results in response to the technologies [69, 70] . However, the quality of evidence and risk of bias demonstrated that the clinical trials included were high-quality studies to address such concerns.
Conclusions
This systematic review summarized the results of high-quality studies and showed the safety of CYD-TDV. Denvaxia® showed global efficacy of 60% in volunteers under 16 years old and from the immunogenicity results in adults, we can expect satisfactory efficacy in this population after comercialization. However, there is a need to continue to evaluate the efficacy and safety of this vaccine. The numerous infections and occurrence of severe manifestations of the dengue virus in endemic regions reinforces the need for an effective and cost-effective vaccine to prevent this fever.
Our systematic review also emphasizes the need for pharmaceutical companies and researchers to comply with the technical rigor of the protocols for each phase of the clinical trials to support health authorities in decisions concerning the incorporation of such technologies into their health care systems and, above all, to enable the provision of a safe, effective and affordable vaccine to all to prevent dengue fever in the future.
Five year view
Dengue will continue to pose an important challenge to health systems in endemic areas since despite efforts to control the disease through vector control, the number of cases have continued to increase in recent years. This has not been helped by accelerated urbanization and low adhesion among the population to control measures, which is likely to continue. In addition, climate change (global warming) may continue to facilitate mosquitos' reproduction. Consequently, the availability of effective dengue vaccines, building on Dengvaxia® from Sanofi Pasteur, will continue to be welcomed. In addition, vaccines made available through partnerships with research institutes such as Butantan Institute (Brazil) and the United States National Institutes of Health. In the next 5 years, it is hoped that more studies and assessments of Dengvaxia®'s effectiveness, risks and benefits will be performed across all pertinent age groups. In addition, continued assessments of the effectiveness and safety of new vaccines will also be performed to aid decision making. The lack of a specific treatments and the difficulties for effectively controlling the vectors associated with dengue reinforce the need for vaccines with adequate safety and efficacy profiles as recommended by the WHO across key age groups.
 Global Efficacy/ Seropositivity: Seronegative: 38% ((RR= 0.62; 95%CI 0.37, 1.03; I 2 = 0%; p= 0.82) and Seropositivity: 78% (RR= 0.22; 95%CI 0.14, 0.35; I 2 = 0%; p= 0.36)  Safety -Local events: erythema (RR= 0.55; 95%CI 0.34, 0.89; I 2 = 70%; p= 0.005) and swelling (RR= 0.33; 95%CI 0.17, 0.64; I 2 = 67%; p= 0.009); Systemic Events -no statistical difference between the control and the intervention groups  The efficacy and safety of dengue vaccines need to continue to be evaluated after commercialization.  The numerous infections and occurrence of severe manifestations of the dengue virus in endemic regions reinforces the need for effective, safe and cost-effective vaccines across age groups to prevent this fever
